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ABSTRACT 


The process system operating limits of the MIT Reactor 
redesign (MITR-II) are based on measurable parameters, i.e., 
memnary coolant flow rate, bulk outlet temperature, and reac- 
werepower. Ihe limits are conservatively established to main- 
feat Che fuel Diao MciomecoUichace CGemocralure AL tine MOUs rou 
below 250° F. Operation of the reactor within these limits is 
Memeenaecod tO preclude any possibility of boiling in the core. 
Mgemnuclear properties of the reactor are examined first to 
determine the power production within the reactor and within 
pee le fuel element. 


Emphasis of this study focuses on the hottest element and, 
ieeriier, the hocvess fuel plate. Attention is given to the 
Paemeecus OL control rod height on the relative variations in the 
heereal and axial neutron flux and power density distributions. 
miewcoetficient of convective heat transfer at the fuel plate 
surface is evaluated. Engineering hot channel factors are also 
mremuced in the calculations to account for departures from 
meweiial desien resulting from fuel element manufacturing 
Moememances and uncertainties in power, flow, and heat transfer 
Measurements. Consideration is also given to the flow rate of 
Miemoecondary HO coolant from the cooling towers necessary to 
remove the reactor Neae oad. 


PMlCrVEhe MOpu adverse operating conditions, limits of 
1800 GPM minimum primary coolant rate, 155°F maximum bulk out- 
let temperature, and 6 megawatts maximum reactor power are 
GCstablishned. These are the limits such that the reactor could 
memoalcly operated with these parameters simultaneously 
meee aching their limits and still fulfill the criterion that 
mempolling occur in the core. 
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Chapter 1 
INTRODUCTION 

Since its completion in ’¢@he Sprimeanoreto5>,. the Mir 
Reactor has served as a vital educational and research 
facility for the Massachusetts Institute of Technology and 
WiemscLencvifie community. Based on technical obsolescence, 
however, it was predicted that the reactor life wuld be 
aeroximately ten years. Consequently, a redesign group was 
pommead tO consider renovavion of the reactor to make it more 
technically competitive with newer reactors which have been 
designed and built since the Mil Reactor. The general 
Mewnogs and procedures for carrying OUGmoUGh Quicemoval Lon 
Meeeemnerent am the original Peace tor design and have been 
aeerve Lor approximately two years vo permit the introduction 
pieomnew LYpe Of core unique to this reactor, designed to 
increase the available neutron fluxes in the experimental 
facilities by a factor of somewhere between three and five. 

The redesign section of the reactor is almost entirely 
eemrimed to the upper plug Section and the core Cank section 
Simene original design. In the redesign, as shown in Figure 
imeeyecne core is light water cooled and moderated, and the 
moderator for the reflector is heavy water as was the case in 
the original reactor. The hexagon shaped core (see Figure 
2.1) is contained in a cylindrical aluminum tank with the 


faeriular space between the hexagon and the cylindrical tank 
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MEGICAL ROOM CEILING 


VERTICAL SECTION THROUGH MITR-2 


FIGURE 1.1 
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mseaq for the light weaver enimance Jeno nie ls loan) ba Goce 
eontrol rods are. located around tncwce eae evjecn ne wiue! 
and the DO Pet ACC ele. 

One of the primary purposes for redesigning the MITR 
Was to accommodate a compact core configuration in order to 
Siogain large thermal neutron iiweCe dn Che beanies cminG.: 
MmembouLOm Of the reactor core. Almost by definition, the 
meme vemcnt of a high thermal flux in the reflector at the 
beam tube will be accompanied by a sharply increasing flux 
Preagient near the bottom of fuel plates. The lower portion 
Or the fuel plates will consequently have a high power 
Semsivy. it, therefore, becomes imperative that the power 
mmeroy in the core does not exceed such limits as to cause 
Momeni Within the core. Hence, the objective of this study: 
Pewecrmine, on the basis of experiments and theoretical calcu- 
lations, the process system operating limits of the MIT 
Reactor redesign (MITR-II). 

ine redesign basis for the METR-It evolved around thc 
wecrmal hydraulic characteristics of the fuel element from 
Poemreoulrements that the installed primary coolant pumps 
Piemneat exchangers are to be used, and that the reactor is 
Memepcrate at a power level of five megawatts without boiling 
jn the core. To allow for some latitude for the operation of 
meemreactor, it is necessary to establish limits on the 


Measurable reactor operating parameters, i1.e€., minimum 





Pal 


eoolant flow rave, maximum Du Ove loveiremper ature, somo ee 
mum reactor power. The process system satevy limits define 
these parameters suen that thesreaclorecemm, a acl mer eomcre 
with these parameters simultaneously approaching their 

timits and insure that no boiling of any type will occur 


Vaiwiain the core. 
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Clash eNGiene 
DESCRIPTIONSOb THES iis nia anor, 
2.1 General 

The MITR-II is a light water cooled and heavy water 
Petlected reactor for research and educational purposes at 
Eee Massachusetts Institute of Technology. ‘The reactor 
will be operated at power levels up to five megawatts, 
maenousch the nucléar and Structural design anticipates 
that higher power levels are possible. 
eae Core 

The reactor core is a hexagon, 13.3 inches across the 
flat as shown in Figure 21. It consists of three concen- 
iene hexagonal rings of fuel with 15 elements in the outer 
hexagon, 9 elements in the next hexagon, and 3 elements in 
the center. Each of the 27 tightly packed elements consists 
of 15 fuel plates held hy aluminum side plates in a rhombic 
meape aS Shown in Higure 2.2. The core height is approxi- 
mately 29 inches, 

The inner hexagon ring containing 3 elements is 
Surrounded by a fixed, hexagon shaped, aluminum clad cadmium 
Shim located at the inner edge of the hexagonal rib. This 
thin plate absorber will be placed into a hexagonal shelf 
extending down from the top of the core 14 inches. 

The outer two hexagon rings containing 24 elements is 


divided into three identical regions. Each region is 
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14 
flanked by aluminum clad cadmium absorber plates located in 
Slots in the radial ribs of tne core Support Su ycture, 
These plates, also, extend down from the top of the core 14 
imches, At the outer edge of each region are located two 
movable shim blades, for a toren. of six blades, in slots 
mound the edge of the hexagonal core support structure, 

A regulating rod is located in one of the small holes 
at mime corner of the core Suppert structure and is locared 
generally toward the thermal column side. 

ies core hexagonal Suppem@ rs curuclLure iS connected to 
an upper tank 4 feet in diameter and approximately 7 feet 
high, and is mounted on its own flange and bolted to an ex- 
Pension near the neck of the core tank. It serves as the 
Support for the core itself and for the essential part of 
the control rod mechanisms. In addition, the support is 
the alignment plate for the control blade mechanisms and all 
Key components of these systems are bolted to work through 
Poses singie structure, The weight of this unit is carried 
by the upper tank, 

2.3 Fuel Elements 

The MITR-IT fuel elements, shown in Figure 2.2, are 
Specially designed and fabricated for the high flux, dense 
geometry core. AS indicated in the drawing, the element is 


rhombic in shape with a total width along the side of the 
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flat of 2-1/2 inches. ‘The overall length including the end 
moezzles is 29-1/2 inches, ‘The fuel element consists of 15 
straight fuel plates assembled between two grooved side 
plates which are 0.188 inch thick and 2.500 inches wide. 
The fuel bearing plates are 0,090 inch thick with longitudin- 
ally milled coolant fins on both sides so as to produce a 
20 mil land, 20 mil groove and 20 mils in depth. The overall 
@imensions of the fuel-bearing plates are 2.220 inches wide, 
24,625 inches long, and they are spaced 0.140 inch apart to 
form 16 cooling water passages 0.050 inch wide. The eect 
is maintained by grooves in the side plates and the end noz- 
zZles which are designed to Providemocructural rigidity Lor 
the element. Each element has an end nozzle at either end 
memes Completely reversible, allowing it to fit into the 
lower matrix and to mate with the upper hold-down grid. 

The fuel element contains 240 + 4.8 grams of U-235. In 
pmy individual plate, the amount of U-235 does not exceed 16 
+ 0.48 grams. Each plate contains a core of approximately 
93% miehed Vitoria KOveduuiithi= pure 2 lUminuneee ites COre 
is 23-1/4 + 3/16 inches long, 1-3/4 + 1/16 inches wide, and 
0.020 inch thick and is clad on all surfaces with 6061 alu- 
fen alloy. The minimum thickness on the face plate is 
peor) + 0.001 inch with a permissible scratch depth of 0.003 


inch. Tne minimum amount of aluminum cladding the nearest 








17 
eace of the core elicy and tae ecdcevoiericeeUc pilawc wig 
©. 204 inch. 
2.4. Control Rods 

mhe MITR=-J 1 Contains Simeshnim Safevy otades eae ae 
fine regulating rod, 3 fixed flat neutron absorbers located 
moecne radial ribs of the core Support structure, and a 
hexagonal shaped fixed shim located at the inner edge of the 
hexagonal rib Surrounding the three inner fuel elements, all 
Meewi in Figure 2,1. The purpose of these various absorbers 
is to maximize the flux and power densities in the lower 
half of the core and to give ease to nuclear control. The 
Shim blades are arranged symmetrically with respect to the 
core, while the regulating rod is located in one of the small 
circular holes at the corner of the hexagonal core structure. 

Each shim blade consists of a rectangular plate of 40 
mil cadmium clad with 6061 aluminum for a total thickness of 
1/4 inch, and is attached to an arm, Wiis aria aL neeeian aes 
eeeaciea to a weighted member of low hydraulic cross section 
which operates in a guide tube bolted to the inner core 
meructure plate. The blades are raised through a magnetic 
coupling by motors situated just below the top deck plate. 
Loss of magnet current causes the heavy member and the 
@ecached control element to drop. As the control blade 
moves downward into its flat slot, water in slot exits 


through holes at the corners of the water release from the 
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mew com of the @waide Cube 1oreGne Carmiiemarca. 

Preliminary calculations indicate that the total reac- 
Pavity worth of the movable neutron absorbers is approxi - 
mately: 

Shim blades: 14.5 6B (See Appendix A) 

mepniaving rod: Less than 1.0 Bo 
miesmaximum possible variable excess reactivity for five 
megawatt operation will be limited such that the reactor 
mom always be kept in a shutdown condition with only four of 
@ieeotx Shim blades inserted. 

lhe fixed absorbers extend down from the top of the 
core about 14 inches. Each absorber is cadmium sheathed 
with aluminum, and each is held down CONDUerety by Bene Uppes 
core hold-down grid. The primary purpose of these fixed 
meoetmoers 1s to insure that the reactor can go critical and 
Sam Operate at the desired power level and flux distribution. 


e.5 Primary Coolant System 
The HO primary system, as shown in Figure 2.3, 

is used as a coolant and moderator in the MITR-II. The 

movem consists of a single loop which contains two paral- 

we] pumps, two parallel heat exchangers and associated 

valves, piping, and instrumentation. The pumps and heat 


meeicdeers may be operated singly, in parallel, or cross 


connected. The main suction and discharge lines to the 
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PRIMARY FLOW SYSTEM 
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reactor tanks each use an 8 inch pipe so only two pipe 
runs and two tank penetrations are needed, 

otartimg at the pumps, ligh® water row wie ed Litres 
Single stage, horizontally mounted, stainless steel centri- 
fugal pumps rated at 1200 GPM at a head of 80 feet and is 
powered by a 40 HP motor. Normal discharge pressure is 55 
wee. the discharge from the pumps goes to the tube side of 
_ main heat exchangers. The heat exchangers are composed 
SoC tubes of 3/8 inch O.D. and is of the single pass 
type. The tubes are 18 BWG thick and are constructed of 
stainless steel. They are mounted on a 1/2 inch square 
Pacem and are 14 feet, 2 inches long. The outside area of 
the tubes is approximately 1230 square feet. The shell is 
18 inches in diameter and incorporates 9 baffles. It is 
designed for a free flow area of 67 square inches. The 
Weessure at the outlet of the tube side of the heat exchangers 
is 43 psi, and each heat exchanger has a nominal capacity of 


. iBgBy Asn 


ex 10 
The 6 inch lines leaving the heat exchangers join into 
a single 8 inch line, containing a flow nozzle and, down 
stream near the Malet. plenum an anti-syphon valve that pre- 
memos emptying of the core tank in case of rupture to the 


mee iniet line. The pressure at the inlet plenum is 23 psi. 


miesiniet plenum is designed to give a fan shaped plume 











el 


entering the annular space between the core tank and the 
eore support shroud tank. The flow then moves downward to 
me core tank and is then directed up throvsh the core and 
ato the shroud tank toward the outlet plenum where it is 
Meow through the outlet line to the suction Side of the 
main coolant pumps. The pressure drop across the core is 
approximately 8 psi at the flow rate of 80.9 GPM per element 
(2200 GPM, total). The pump suction pressure is 8 psi. 
2.6 D,0 Reflector 

The moderator for the reflector is heavy water as was 
miemcase in the Slr cna Mit Reactor. Lhe D0 is contained 
mime ft, diameter tank, which also contains re-entrant 
maomiones for the horizontal beam ports. A sinszle large pipe 
from the heavy water tank permits rapid dumping of the heavy 
water reflector, providing a secondary safety feature for 
Shutdown, Flow of D0 into the reflector tank iS provided 
by means of the large Bienen contains the dump valve 
provision. The exit pipe and the external system, which 
will include a pump and small heat exchanger, will be of 
meravively small size as it 1S anticipated that not more 
than 250 kilowatts will be deposited (generated) in the D,0 
reflector. 
et pet ondary Ceetent System 


The secondary H50 coolant system iS designed to remove 


fee neat load from the reactor core and reflector primary 








ee 


eoolant aS well aS the heat load from the shreia and ceca 
mental primary coolant. The system contains the pumps, 
Prolme and valves, heat exchangers, coollin2a vowe-s and all 
instrumentation necessary to insure safe operation under 

mer anticipated conditions. Operation at power levels 


ereater than 2 megawatts require that two Secondary H,O 


2 
pumps and heat exchangers be run in parallel. 

Cool secondary HO is taken from the basin of the two 
cooling towers through a common 10 inch pipe penetrating the 
containment shell into the equipment room where the flow 
fee Separates to the two pumps. These pumps discharge to 
the shell side of the two main heat exchangers as well as to 
the D0 refticevormaeac exchanger, the shield coolant wea 
Srechianger, and the experimental coolant heat exchanger. 

The exit flow from all the heat exchangers combines in a 
mmowe kO inch pipe which heads out of the containment shell 
and then separates into the return lines for each of the two 
cooling towers, 

mae cooling tower iS provided with a bypass valve so 
maat the amount of water fed to the spray top of the cooling 
mowers for evaporation LS WeOnmurnvpovsis, variable fmem zero To 
full flow. Varying the amount of water being bypassed from 
meres cop to the basin controls the equilibrium temperature of 


the entire system during different seasons of the year. 
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2.8 Reflector Coolant System 

The reflector coolant system is designed to remove 
Mmeeencat deposited in the heavy (D,,0) water reflector and 
to maintain a high purity of heavy water. The system con- 
‘wows Of a water pump, heat exchanger, piping and valves, 
feemassociated instrumentation for operation. Suction is 
weaken directly from the reflector tank, and then pumped 


marouph the DO reflector heat exchanger where heat is 


C 


memsrerred to the secondary HO coolant. The heat exchanger 


2 
discharge is through an 8 inch dump line above the dump 
valve and up through the dump line to the reflector tank. 

The heavy water cleanup loop is designed to insure a 
Menovant heavy water reflector level during normal operation 
meemco Maintain the heavy water inventory at a high purity. 
The heavy water is kept pure by using two filters and a mixed 
Mmeanton exchanger with associated piping, pump, valves, heat 
exchanger and associated instrumentation. 

Seo ehield Coolant System 

The shield coolant system removes heat deposited in the 
lead thermal shield which surrounds the graphite reflector 
eee tnermal column. For COO] 1 Ne pUcoOScs.. Uneceunemnal 
shield is divided into four separate regions, each with two 
sets of stainless steel coils embedded within. Only one 
Peer in Cach region is used for heat removal, the second 


oem. acting as a spare. 








e}| 

The system uses demineralized water supplied by an inte- 
fee) Gistilled water storage tank. S2iewiers exchaiger. Wauen 
transfers heat to the secondary H0 coolant system, is of a 
double pass type with 438 U-shaped tubes with a total length 
mee ft. , 1/4 4inch 1. Do and 24 %eage thick, Aecentriimeat 
mm 61S used for circulation and an ion COLUM TeSms COTE 
memiroain a high purity of distilled coolant water. 

The above paragraphs outline the properties of those 
meeuions Of the MITR=-II with which this paper is primarily 


concerned, 








Chapter 3 
POWER PRODUCTION DISTRIBUTION 

Moavroduction 

The objective of the work described in this section 
was to determine the power production distribution within 
mee core aS a whole and within a single fuel element. The 
Peneral method followed was to investigate the neutron flux 
Serstribution and the power production by using available 
mathematical models and computer programs. The calcula- 
immense OCescribed in this section are based upon the power 
density distributions determined by A.K. Addae (1) using 
the EXTERMINATOR-2 (2) computer code, | 

Midis analysis pmecedure first homoeenizes the core yin 
mena two-dimensional, cylindrical array and determines the 
meee rtbies ab tne various points within the reactor array. 
fees Neutron energy groups and the homogenized properties 
were used in the EXTERMINATOR-2 code to determine the rela- 
tive variations in neutron fluxes and power density distribu- 
tions from which the location of the hottest element is found 
and the relative magnitude of its heat generation established. 

In this section the methods are described for shifting 
from the homogeneous model to the heterogeneous reality, the 
werue of the heat flux distribution among the plates of the 


eeeement is then established for a total reactor power of six 
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megawatts, and the hottest fuel plate is found and its 
mewer distribution calculated, 

a Homogenized Core Properties 

Homogenization of the reacvor 18 aceCcmoIaate occa 
a cylindrical geometry, by dividing the reactor into 1944 
megions. Ihe regions are formed by dividing the axial height 
into 54 rows and the radial distance into 36 concentric 
annular rings; the diviSions in either the axial or radial 
Girections are not necessarily equal. The core itself takes 
up 25 rows and 9 annular rings, the remainder of the regions 
Peeeunvtving for the reflector, shield, and structural members 
fees., the reflector tank). 

A partial listing of the input data necessary for the 
EXTERMINATOR-e is given below: 

Number of groups 

Microscopic cross sections 

Pedic | anmeeaxial mesh spacing for each region 

heeclide concentration 

Region composition 
meome the input, the macroscopic cross sections, diffusion 
coefficients, and scattering matrix is computed for each 
mee and composition. The number of reactions, e.g., 
Peeorptions, productions, fissions, and scatters, is also 


mien for each group and composition. 








nN 
SJ 


The calculation of reactor power must begin with an 
analysis of the energy released in the fission of U-235. 
ie total energy released in the fission Of U-235 may be 


expressed as 


De IGE) fe a Bo (Mev) 


ine value of 193.8 Mev/fission is obtained from the generally 
Meeepved distribution of fission energy of U-235 (3 ); see 
Maple 3.1. om is the energy released per fission resulting 


Meer neutrons being captured in the materials of the reactor. 


Tab lease! 


DISTRIBUTION OF FISSION ENERGY: U-235 


Source Mev/Fission 
Kinetic energy of fission fragments 168.0 
Kinetic energy of fission product decay B's ao 
Kinetic energy of fast (fission neutrons ) ae 
Prompt gamma rays ee 
Fission product decay gammas 6,0%** 
Tova Locuri. 


*6,48 - 1 Mev photons, 1.17 - 3 Mev photons, 0.14 - 5 Mev 
photons, and 0.01 - 7 Mev photons 


™*6 - 1 Mev photons (5) 


There is also approximately 11 Mev of neutrino energy per 
fission which accompanies the B decay, but this energy is 


not recoverable by the reactor. 
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The value of ie depends Upon the aaneumG oferty pero. 
Hecerials in the reactor. ‘The BXTERMINATOR-2 output in= 
euudes the macroscopic cross Sections from witich we can 
determine the energy released (per fission) per neutron 


fmaptvired by considering the following: 











= 2s i 
Energ _ihnergy . Eyes (nuclide) 
ission ~ Capture ~* > S 
¥ . i absorption (Compo position) * 
nie wrdec 


No. of absorptions in composition 


a eR a ee ee et 





a ee eee 


TOLa ly Wine o7 el rSscione 


Table 3.2 lists the capture gamma energies of the various 
MITR-II materials. The capture cross section of D,0 is 
Seeee LOW and has been neglected in these calculations, 
The Q-value for the Bein, a)ta! reaction is 2,792 Mev (6); 
Pie ravio Of absorptions in the boral to the total number of 
mise=rons is 0.1014, yielding 0.283 Mev/fission from the 
(n,a@) reaction. 

Table 3.3 lists the energy per fission released for 


Peemematerial in the reactor. The total energy released per 


micron is equal to 
E = 193.8 + 12.78 = 206.58 Mev/fission. 


®.2 Radial and Axial Flux Variations 
Figures 3.1 and 3.2 show the thermal flux distributions 


for shim blade heights (from bottom of core) of 11.70 inches 








ao 


Wienoabe 6 2 


CAPTURE GAMMA ENERGIES OF MITR-IT MATERIALS 


Material Photon Energy Energy/Capture rr nee 
pee { (_) 1 Mev 3,252 Mev 

e Poe 3 

5 1,834 

7 2.095 9.054 Mev 
Be235 ( 8) 1 0.8 

3 C0 6,8 
H,O (9) 2 2,28 mee 
wa (10) il Shs flout 

8 3,801 

3 1, Bes 

i On 212 9.043 

Graphite (11) 5 4.95 495 

Boral (12) 1 0.48 0.48% 


10 : 
{ 


PYoes not include the B’~(n,a)Li’ reaction. 
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Tab lems. 
CALCULATED ENERGY RELEASED PER FISSION 


FOR EACH NEUTRON CAPTURED 


Menuet Mev/Fission 

U 4.75 (capture gamma only) 

Al 3,98 

Boral Ores (includes both  (iieeand 


(n,y) energies) 


Graphite 07.20 
Cd anes 
H50 0.65 


Total zee 








Sik 
and 6.70 inches respectively for the reactor operating at 
mer megawatts, 10 1S important vernetewuia sase Un eecenti c, 
rodgs are lowered, higher fission densities occur in the 
lever, active portion of the core. 

A considerable portion of the fission neutrons leak 
trom the core into the heavy water reflector where they are 
Slowed down resulting in the thermal neutron flux being a 
Beemnum mm) the reflectom near the core edge, The powers 
meer DUuuL7ton, therefore, peaks at the edge of the core. 


A basic formula for power in a homogenized core is 


A, 
I] 


Kf, 2,@av 
On 


where 


- 1"/ Mw-Ssec 


K 


rE 


fame constant was computed by using a fission yield of 206.58 ~ 
Mev which includes 12.5 Mev/fission of capture gammas as 
mereniated in the previous section. The macroscopic cross 
section, Des PSermMNOwil CO DEBZero Cverywnere Gxcepr an the 
meee regions, The integral may therefore be approximated by 


Pmoummaction ove The individual fuel regions. 
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In this expression 2, 1S Gelince sierra yolune ot vic 


e if 
i watt) 
fuel region. 9 is.cthe volumevayver eee wih eee em 
| Be ; | : io 
fuel region and j°. energy group. Ss a volume average, Bs 


contains both radial and axial factors. The EXTERMINATOR-e 
code motes the integrated power in cach annular region, 
making que unnecessary at this time to calculate the flux 
jiarecors. 
ome rower Produced Per Element 

ine average power in the fuel region is known from the 
homogeneous model. From the EXTERMINATOR-e output of inte- 


grated power, the transition muSt now be made from the 


homogeneous model to the heterogeneous reality. The procedure 


memeuclined below: 

iwie Neatenimx normal to tne tinned sciad an. thie hetero— 
Beneous core at a specified axial mesh point iS computed in 
the following manner: 

1) The EXTERMINATOR-2 output gives the integrated 
heat flux parallel to the vertical (2) axis of 
homogenized core. The differential heat flux 
is found by subtracting the integrated heat flux 
SUmOnceyer Cl lGa! Mesh poime frOMm wine heau fits. 
the next highest adjacent mesh point. The aver- 
age power density, PAV, generated between adja- 
Cent MeGmePOlius La Coleulaved by oi vac1ne = le 
differential heat flux by the vertical distance 


between adjacent Mesh pennies, 








2) The power density generated in the fuel meat, 
PDM,.. 18 calculated by mult yee) eet e a vonar. 
power density, PAV, by Che te Girone ft wee ox i 
Zonta Ll cross-sectional area of a unit homogenized 
‘element to total horizontal cross-sectional area 
of fuel in a heterogeneous element, i.e., 
hor ZoOmia cross-sectional areamom 
PDM = PAV X pessconteT enone SCGLIORRL ORGS OF 
fuel in a heterogeneous element 


3) The heat flux normal to (one side of) the finned 


clad is then 


Q/A = 0.5 x normalization factor x PDM x 


thickness of fuel meat (20 mils) 


VWiePeomiiomnoOcial Za tronmiactOmeIiC hides siaclOrs 
for the fraction of energy (per fission) deposited 
in the core, 95% (see Section 4,3), and converts 
BTU/sec em* to BTU/hr ft“, The factor 0.5 
accounts for one-half of the generated power 
leaving one face of the fuel plate normal to the 
finned clad, 

1) The value of the heat flux, Q/A, is plotted against 
the axial distance along the fuel plate, and is 


then numerically integrated to find the total 


power produced within the fuel element and the 
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average heat flux, nyc? 
I 


RC Nemete GleWe Ol chine —augiaae lac 
element. 

Ffoilowing, the procedure ovvulimed epew sai wie 
EXTERMINATOR-2 one of integrated power, 10 1s "observed 
memeone three central elements pr@educe tne mmost vcvere ee, 
element- within the core. With the reactor at six megawatts 
of power and the assumption that 95% of the power is deposi- 
ted in the core (including the gamma heating in the modera- 
tor and fuel elements), each central element produces 230.54 
kilowatts of power. (Derivation of the fission energy dis- 
feoution is .given in Chapter 4). 

3.4. Power Produced in the Hottest Fuel Plate | 

Ta addition to the method described above (i.e., 
numerical integration of Q/A over the axial distance), the 
Moeraece power gpenerated in each fuel plate can be calculated 
Buarvyiding the power produced in each element by 15, the 
number of plates Dotee  ementi ae) MO imGl = GO me Oi oliec ee ems Ol 
produced in the hottest fuel plate, both the axial and 
radial power peaking factors must be computed. 

The local axial power peaking factors are found by 
amyecaing the local heat flux at equally spaced mesh points 
i Table 3.4 lists the maximum 
axial power factors, F,; the magnitude of Cas 


Byethe average heat flux, 
a, aS large 
meeeuse the power in the upper portion of the core is negli- 


gible in comparison with the power in the lower, more active 








oF 
mer. of the core, and ime calculation of the average power 
mecludes the power in the upper = porlion, 

The radial mealime  —Tactors ereved ear Cave su iic 
EXTERMINATOR-e output and preliminary studies made by A.K. 
Addae (13) using the PDQ-7 (14) computer code, (The PDQ-7 
code is used to compute the radial neutron flux variation 
in a hexagonal geometry.) Since the PDQ-7 hexagonal geometry 
Solution is only a two-dimensional result, typical of the 
EXTERMINATOR-2@ run with the shim blades 11.70 inches from 
core bottom, the radial peaking factors for varying rod 
Merehcs were calculated from the PDQ-7 result by proportion- 


maeecne result with the various EBATERMINATOR-2 results, i.e., 


i 


. th 
et 


case) = F (base case from PDQ-7) x 


F(i°? case from EXPERMINATOR-2) 
F (base case from EX'TTERMINATOR-2 ) 
where: base case implies shim blade height of 11.7 inches 


from core bottom, 


Taple 3,4 


SUMMARY OF RADIAL AND AXTAL POWER FACTORS 


Shim Blade Height EXTERMINATOR-2 PDQ-7 

(in. from bottom) a By Fy 
I: 3,202 alvecal lia Aly eye 
Cuz 3.399 Ty Jove ea 


6.70 3,531 1.296 zs 
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Applying the radial factor odDtained from the PDQ-/ pro- 
Bram to the fuel in the hottest element, it is assumed that 


ie hottest fuel plate produces 
He (a a= erly SO Ky) 


pimce all of the calculations are aimed at removing 
the heat from the hottest plate and limiting its temperature, 
the sources of uncertainties must also be considered, These 


uncertainties will be discussed in more detail in Chapter 4, 
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Chapter 4 
PRIMARY COOLANT FLOW 

Bair Oduction 

hil parameters from the Core scont  eumar mone oun 
the reactor temperatures to the primary coolant Diow rave 
fee completely interdependent. The power production in the 
meeeest plate, derived as shown in Chapter 3, is used in 
mrs Chapter to calculate the limitations on the fuel plate 
and bulk coolant temperatures. Once reasonable ranges of 
femves of these parameters are established, limits on the 
minimum coolant flow, maximum bulk outletU temperature, and 
fee reacvor power are calewlated such that the reactor 
can be operated with these parameters simultaneously approach~ 
aeoeuocir limits and no boiling occurs. 
4.1 Determination of the Convective Heat Transfer Coefficient 

Experimental work by Spurgeon (15) enabled Furtado (16) 
to derive the heat transfer coefficient in the manner de- 
scribed below for longitudinally finned fuel plates. The 
Beperimental program to measure the heat transfer coeffici- 
ent consisted of a test section designed to support a 0.090" 
m 2.5" 1 BB rectangular coolant channel which was elec- 
trically heated by two 12 volt, 1500 ampere generators con- 
nected in series. Cooling water was pumped through the 


Channel at rates varying from 1.5 to 5.0 GPM. The analysis 








HO 
@®f the longitudinal fin data by Purcado differed from that 
igeported by Spurgeon, numerical Soluvion oF the neat con-— 
duction equation was made (including the electrical heating 
of the fins), giving the temperature distribution on the 
mest section. The heat conduction equation in finite differ- 
ence form 1S equivalent to a system of linear equations; this 
system was solved by the Gauss-Jordan reduction method (compu- 
ter program). Furtado's boundary conditions were: 

1) back plate adiabatic 

2) heat transfer coefficient arbitrarily selected 

3) coolant bulk temperature equal to zero. 

A correlation was developed among the temperature drop 
femess the test section AT, the heat transfer coefficient h 
and the amount of heat, Q, conducted through the test sec- 
immerse rhe final form of Furtado's expression is: 

ap = | 1 4 “ert (a) 


Ay nh K 


difference between the average temperature of 





lI 


mmere AT 
the back plate and coolant temperature, OF 


Q = power generated on the test section, BTU/hr 


A, = back plate surface area, rte 
h = convective heat transfer coefficient, BTU/nr°F ft* 
torr = thickness of equivalent flat plate test section, 
ft | 
Ko= thermal conductivity of test Section material, 


BTU/hr°oF ft 








AL 


n = fin effectiveness deli med ace riewemeCetivC lame moh 
the finned plate surface divid@@ by the erea of 
the back plate surface, 

Furtado's conclusion is that the convective heat trans- 

fer coefficient for longitudinally finned test sections is 


conservatively fit by using the Colburn correlation: 


Nu = 0,023 Re° &p,9- 3 (4,2) 
where Nu = hD,/K (a= Coolant veloana, 
Re = pvD/v. = Gensivy 
= viscosity) 
Pr = pC, /K 


and D, is the equivalent flow diameter taken as (4A/P) where 
A is the flow area and P is the channel perimeter. The 
design of the longitudinally finned fuel element can be es- 
tablished on the basis of the calculated fin effectiveness 
paemmne Standard neat transfer correlations, 
4.2 Core Temperature Limitations 

ame principal factor affecting the allowable tempera 
tures at various points: in the core is the requirement 
meave the melting point of the fuel plates not be approached 
under any conceivable circumstances, To provide as large a 
Safety margin aS posSible, all specifications have been 


written so that no boiling of any type is allowed to occur. 








Ne 
In effect, this means that no nucleate boiling, is allowed 
me cine Surface of the fuel plaves, “fiegeeevcniperacvure 
mmecoie hottest spou of the hoteest plate tor vice cen rat 
ferement must therefore be limited, 
Mhe not spot on the fucl plate is close towtre radial 
allowable 


fu ) 

il 

wa lL as 

as first approximated as the onset of incipient boiling at 


centerline of the core. The value of ( 


Mmeemscvacic pressure at the fuel bottom, The coolant head 
is 135 inches when the level is at the reactor scram point 
meeour inches below the normal overflow level. At this 
Preecoure, the Saturation temperature is 226.8°F under no- 
Mmreweconditions and is higher when the primary coolant is 
flowing. 

Based upon a Semi-theoretical approach, Bergles and 
Rohsenow obtained a correlation (17) for predicting incipi- 
ent boiling that is dependent only on pressure and wall 
temperature. For water over a pressure range from 15 to 


2000 psia, the heat flux at incipient boiling is given by: 


mo 1.156 
Gzp = 15.6 P (Twp 7 Tgap) (4.3) 
it 
where: dpe incipient boiling heat flux, BTU/hr rte, 
Pe= paecsure, pSia, 
TWtB = OCaml) temperavure au inciprent boiling, Ap. 
To am = fluid saturation temperature, oo. 








N3 
When the absolute pressure is taken Gover Win? + J.87 4135 


ma. of water) = 19.57 psia, Eq. (4.3) becomes: 


i 
dep O.466 


ah 226.8 + (ige-o) (41.41) 


WIB ~ 


It will be seen in Section 4.4 that the hottest peak 
plate temperature occurs at the coolant channel inlet (fuel 
pottom). This position is taken as the core hot spot and 
tne operating limits are established on the basis that the 


fjbece Surface temperature in this position, (T a1.) : 
max 


@oes not reach the boiling temperature, QWtB* 
4.3 Reactor Heat Load 

ime cvnis section, the amount of energy produced and 
moeerped in the various regions of the reactor is reviewed 
memoeraer FO devermine the total amount of reactor neat pro- 
mmceo per fission in the core SiMe ne wiileae . LOMO) mt lS mie ab 
baer is removed by the primary COOraniT. 

Pee OlnvcUmouc Jn ceculon 3.05 une heav e@enerated in a 
Mmeercar reactor is directly or indirectly derived from the 
energy released in nuclear fissions. Of the energy released, 
moe following assumptions SIGE ECVE 3 

1) The kinetic energy of the fission fragments and 

Lisstevymepmeaqucy Gecay b's 1S —absorbecdmmum vie 


fuel elements. 











Ad 

2) The energy released in the capture of a neutron 
in the boral shield is absorbed in the shield, 

3) Approximately 75 percent of the gamma and fast 
neutron energy absorbed in the D350 rer lector is 
removed by the D,0 circulating system. 

WY Phe capture gamma enerey sproduced Im unesscape ic 
reflector 1s ebsorbedvin tne Ssrapiine reimeaves. 
and the shield, 

The gamma spectrum from fission may be calculated from 
the data listed in Tables 3.1 and 3.3; Table 4.1 summarizes 
ime Samma energy distribution and its source. 

The fraction of gamma radiation escaping from Pneeone 
mes Calculated by assuming a homogenized, self-absorbing 
memerical source. Price, Horton, and Spinney MS) Suaves 
that the fraction (probability) of gamma radiation escaping 


an absorbing sphere of radius R is given by: 


fmeaction (probability) of escaping = f£(weR) = 


Attenuated gamma current 


Unattenuated gamma current , 
at R 
where; is the effective linear absorption coefficient, 


Non-absorbing current = Se 
S fa - 1g PRI, 





ADSOYDINe seymwent = Thi Daa 


ela a ULa ls 





wR Ee. 


JF 








Table 4.1 


CALCULATED GAMMA ENERGY DISTRIBUTION PER FISSION 


Photon 
Perey Source 





Al 
Vee35 (nwo 
1 Boral 
Cd 
PiSsSlOn wRreducte decay. s 


Prompt gammas 


Al 
U-235 

S H50 
Cd 


Prompt gammas 


= 


Al 
D © 
Ca 
Prompt gammas 
Al 
ii Ca 


Prompt gammas 


mmot included in total 


1.36 
One 
0,05* 
1.19 
6,00 
6.48 


On 7, 
LO 
O76 


OF ai 
0.20* 
0.40 
0,14 


0,88 
0.07 
O70: 


Tote] 


iboxereni 


Ato ole, 


8,19 


dere oil 


0.96 





26,05 


SOW 
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hence, 


3 i NT jal I 
2) Se ee ee eee eee ol a Ces 
fe R) = a Dye : Gin * ie) | te) 


fomordger bo calculate the effective linear eabeemerion cocci 
mrexvent for the core, the volume fractions of the constitu- 


ents is used, as shown in Eq. (4.6): 


B= BaaVay + ByYy F HHO. HO + UagVag » (4.6) 


where: Hs = JINeGSkeaDSOreL I OnwCoctIa C1 ent Onsen Ger lea. 


Vy, = Volume fraction of aluminum = 0, 43/7662, 


Vy = volume fraction of uranium = 0.034506, 
Vio = volume fraction of water = 0.510805, and 
? F 
Vag = omic rae bl Or One eCaaniunm = 6, Cl7 O27: 


(note that 1, is dependent upon the gamma energy). 

The total core volume was taken to be 9551.067 cubic 
inches (for a core height of 30.25 inches and diameter of 
19 inches), yielding a spherical radius of 33.43 em, 
Table 4.2 summarizes the gamma radiation escaping from the 
eore. 

For comparison, a homogenized cylindrical, self- 
mecOrbDing Source was assumed, and the fraction escaping cal- 
euilated. The difference between the spherical and cylindri- 


cal assumptions was less than 4 percent. 








AiG 
The fuel elements and moderator absorb the gamma 
Baterey that does nov escape from the cCorGy. nerd ivictonsor 
this energy was established by considering the ratio of the 
meoorption coefficients and volume fraction of the materials 


2 


Mercent of the gamma energy, and is summarized in Table 4.2. 


within the core. The H,0 will absorb (4, 9Vy o/t) x 100 
e Cc 


iWevoile hye 


SUMMARY OF GAMMA ABSORPTION 


Photon Ret Vee weiss 
Poerey fucl Elements Moderator and wen lens 
(Mev (Mev/fission) (Mev/fission) (Mev/fission) 

1 6236 16 | On 21. 

$' 3.18 (Otel. 1.89 

5 0.66 Oa: Ona7 

if Ont 0.08 Onze 
Llotal 110) Gul VL PAS Al apy gis 


FPGees not include seyonees eenme IN APES GO) ys elonOel it 
To compute the fraction and location of energy 

deposited by the fast (fission) neutrons, the fast neutron 
(Group 1) macroscopic removal cross-section and flux output 
from the EXTERMINATOR-2 data was used. The total number of 
removals from the high energy neutron group to a lower 
energy group is found by auuanaae UNempmecuetecon Uae Tf lux, 
(macroscopic) removal cross section, and volume over each 


Peomposition of the core, i.e., 








HE 


Total number of removals from Group l 


- eee ra) 
The fraction of fast neutrons Slowed down in the moderator, 
mentector and shield is the ratio of the removals in the 
meopecec ive composition to the toval number of removals. 
miewenergy deposited by the fast neutrons is then just the 
Meccuct of the total kinetic energy of the fast (fission) 


Meverons and the fraction of removals in each composition. 


Table 4.3 lists the summary of fast neutron energy deposi- 


tion. 
Table 4,3 
FAST (FISSION) NEUTRON ENERGY DEPOSITION 
Kinetic energy (per 
Fraction of fission) of fast neutrons 
Location removals removed (Mev 
Core (Moderator) 0.9117 4.56 
Reflector 0.0874 0.44 
Shield 0,0009 Negligible 
Motal 1.0000 5.00 Mev/ 
| huss 1Om 


fable 4.4 is a summary of the above data, the distribution 
of fission energy. Assuming that approximately 25% of the 
energy deposited in the reflector and shield is conducted into 


the core tank, then the heat load on the primary eoolant is 








BS 


Table 4, 4 
DISTRIBUTION OF ENERGY RELEASED IN 


LHE REACTOR PER FISSION 


ecation and Source Mev/fission Percentage 


Fuel elements 


K.E. of fission fragments 168,00 
leu. of 6B particles OO 89, 95% 
Gamma energy Onc 

Mocerator | 
K.E. of fast neutrons DS 3.42% 
Gamma energy DA: 


Reflectors and Shield 


fem, of fast neutrons 0.44 
Gamma energy Zoo 6.63% 
Bro (n,a) Li! reaction Ones 


Toe . 206,58 100% 








50 
eporoximately 95 percent of the weacvor poe lis siicwe cc. 
eer raction of the energy deposited in the core is conducted 
to the reflector and shield, then the figure of 95% is reduced 
accordingly. The figure of 95% will be used, however, as a 
conservative basis in determining the operational limits of 
moe reactor, 

4,4 Hot Spot Calculations 

For a conservative design, engineering hot channel 
factors have been established to account for Small dimensional 
deviations from the nominal design of the reactor fuel ele- 
ments resulting from menor oats pie woleramices, for depariuues 
from ideal flow conditions, and for uncertainties i POvViciws 
flow and heat transfer ee ee The uncertainties are 
elaborated below. 

The factor Py is defined as the ratio of the maximum 
channel mixing-cup enthalpy rise to the enthalpy rise in a 
channel of nominal dimensions and flow rate located ina 
meciom of average volumetric heat generation. The enthalpy 
misecerather than the temperature rise is used for Simplicity 
and generality, since it avoids the problems of varying 
meecemric heat, 

The factor Fo is defined as the ratio of maximum film 
temperature difference to the average film temperature 


fieterence calculated for a core composed entirely of 
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nominal channels. Bo VS used 162 Ghescevomiiiac .On Noten a 
mum surface heat flux in the reaeror scores Gmote aera 
mooeiace heat flux computer for a ™ core composed of all nomi- 
mal channels. 

4.4.1 Power Density Variation 

mine eStimaved uncertainty in the power distribution is 
+ 10%, Unewencuhnainy ancmieat flux connie are inetwea com: 
mer) tO account for the uncertainty. 

4,4,2 Reactor Power Measurement 

ite 2S estimated the reactor power calibration will be 
accurate to within 5%. The SWF eo enor ned ust ue Lelie 
Pre increased by 1.05. | | 

4.4.3 Channel Dimensional ito Lexemens 

me Not Spee vemperature rise due to the channel dimen-— 
mwona: tolerance will occur in a channel of minimum thickness 
fgere the local plate thickness is a maximum. Ignoring the 
entrance and exit effects and considering only the friction 
within the channel, the hot channel factors are calculated 
aS follows: | 
a. Oe 
Enthalpy term, Fy, is increased by (=—*) 


min 


Film temperature difference term, F is increased by 


a 


O- 
nS 





qnax dom 
LJ ) (3 s ) 
min min 








mecre: d= channel thickness, 
nom = nominal valve = 0.090 in., 
min = minimum value = 0.0855 in., and 


max = maximum value 0.0945 in. 


I 


The values of Fy and F,, are given in Table Wes, 

4.4.4 Plenum Chamber Flow 

Wace wpartacllar GeoneLry Of Unie reactor inlet plenum 
and the entrance regions to the individual coolant channels 
Pemves rise to a small inequality in the flow distribution 
among the channels. An experimental mockup was made for a 
Single fuel element to determine the flow inequality, and 
the increases in the enthalpy and film temperature difference 
Haetors are 1.08 and 1,06 respectively. 

m4.5 FKuebe Pilate Eecentricity 

If the fuel meat is separated from the coolant by a 
Bedding material, variations in the thickness of the clad- 
Sing around the perimeter of the heat transfer surface of 
the fuel plate due to manufacturing tolerances will cause 
variations in the heat flux distribution at the heat transfer 
Surface compared to the symmetrical case. The factor which 
peeeumnrs for this deviation is called the eccentricity factor. 

mime Not spot eccentricity factor for the fuel plate is 
Belculated by computing the ratio of the heat fiux from the 


thin clad side of a plate with the maximum allowable eccentricity 
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to the heat flux from a nominal plate. By simple application 


mie Che heat conduction cquation under the conservarive 


assumption of 


of the plate, 


and 


where: K 


° 


SD 7s 


anom 


omax 


—ae 


amax 


ll 


equal bulk coolant temperatures on both sides 


the resvit. is 














C 
—— Db -+ -} 
Ky anom 


tierra COnductivigy eo: clade 


thermal conductivity of meat, 


= convective heat transfer coefficient, 


fuel plate meat half-thickness, 


= nominal fuel clad thickness in the core, 


= maximum fuel clad thickness in the core, 


= maximum average fuel clad thickness in any one 


channel 


4.4.6 Fuel Core Alloy Variation 


The total fuel content of each loaded fuel plate is 


16,0 + 0.48 gm U-235. The allowable variation then is 


approximately 2.6% for the length of the plate and 5% for 


the thickness of the plates. The enthalpy term is accordingly 


increased by 1.026, and the film temperature difference and 


Meares lux factors increased by 1.05 to account for variations 
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in the total energy generation in a fuel plate due to U-235 
loading. 

4.4.7 Fuel Vilement Tolerances 

The precision of the velocity distribution measurcments 
was 4%. Since the velocity is proportional to the square 
root of the measured quantity (velocity head) the uncertainty 
in velocity is 2%. The film temperature difference and heat 
flux factors are increased by 1.02. 

4.4.8 Heat Transfer Coefficient Deviation 

imo the determination of the comvecrtive heat transfer 
coefficient (Section 4.1), Furtado recommends the use of 
miewcOolburn correlation with a maximum negative deviation Og 
20%. The deviation results in increasing the film tempera- 
ture difference factor ett DY -be2o. 

Table 4,5 summarizes the hot channel factors discussed 
moeve. Ihe product relation between the individual and total 
Mevmenannel factors is used because it must be assumed for 
Safety that the worst manufacturing tolerances all occur at 
the point of maximum neutron flux. 

Paoeeoperational Limitations 

In Chapter 3, the power produced in the hottest fuel 
plate and the variation in heat flux and the radial and 
axial power peaking factors were established for a total 
reactor power of 6 megawatts. In the preceeding section, 


meeenot channel factors were calculated. In order to 








Table 44.5 


SUMMARY OF HOT CHANNEL FACTORS 


Enthalpy factors 


Plenum chamber flow 
Channeianolerances 

Reactor power measurement uncertainty 
Power density meaSurement uncertainty 
fuel density tolerances 

iseecentricity 


Lowe |; Ba 


Film 


Heat 


temperature difference factors 

Plenum chamber flow 

enhannel tolerances 

feel Clemens tolerances 

Fuel density tolerances 

mecentricity : 

Heat transfer coefficient deviation 
Lota. Fg 

foux Lacwors 

fuel element tolerances 

Fuel density tolerances 

Becentricity 

Reactor power measurement uncertainty 


Power density measurement uncertainty 


dienes lle Fo 


Om 
her 


1.08 


a 
© 
Wi 


nO 


be 


026 
Cou 


1 BOG 


1,124 


i Oe 


1 O02 


a ©, 


Wels 


Oe 
1,003 
U5, 
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secoblish the maximum alilowable “eae or spore concise ten: 
wioh the maximum allowable clad surface temperature, the 
mee conannel factors were incorporated Co Gevermime their 
effect in the parameters involved. 

The MACABRE (19) computer code was used to perform the 
Perametric study to determine the effects in the heat flux, 
clad temperature, and local (channel) bulk coolant tempera- 
mure adjacent to the hottest plate due to variations in the 
fegemoste heat flux, radial and axial power factors, coolant 
flow rate, and the hot channel factors. When the hot 
Gheannel factors were introduced into this study, the follow- 
ing changes were made to the MACABRE input: 


fava) ot ehenne | "Q ° Fave) minal 
aot channel =) omirene 
DD cpr = ()nominal/*x 
where; 
Rie) = Ovekeasewiear iilux through the 


nominal 2 
hottest fWel plate, BrU/hr ft 


h = convective heat transfer coefficient, 
BTU/hroF £t* 
W = flow rate through the channels adja- 


Cent Comnottest fuepilace, GPM. 








the average heat flux tnrough the hottest fuel plate is 
eo i} culated by dividing the POWer producccs ieee nouuecsa 
plate (17.94 Kw) by the effective area of the finned plate 
surface (both sides). To decide what values of the total 
Beeenary coolant flow rate and inlet temperature snould be 
used for the MACABRE input, the limiting flow rate of 1800 
feeror the operating MIT Reactor and an inlet temperature 
of 116°F were used as a foundation, 

Peeures 4.1 and 4,2 are plots of the MACABRE outpue, 
leire eo Shows gees vaeriatl on sGmeheair li: ewi th axial 
fae Lon along the hottest fuel plate for a total flow rate 
of 1800 GPM and a total reactor power of 6 megawatts. 
Curves 1 and 2, Figure 4.1 include hot channel factors 
whereas Curves 3 and 4 do not include hot channel factors. 
Curves 1 and 3 and 2 and 4 are for shim blade heights (from 
bottom) of 6.70 and 11.70 inches respectively. As can be 
seen, the uncertainties (hot channel factors) increase the 
maximum heat flux by approximately 24 percent in each case; 
this corresponds to the value of Fy (1.241). 

Figure 4.2 shows the variation of the clad surface 


temperature (T ) and local (channel) bulk coolant 


wall 
temperature with axial position along the hottest fuel plate 
for a reactor power of 6 megawatts, primary coolant flow 


rate of 1800 GPM, an inlet temperature of 116°F and hot 
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3S, 
ehannel factors included, Curves 1, 2yisaid Jeore. ior rod 
heights of 6.70, 9,28, and 11.70 inches respectively. “One 
ment first suspec! that incipient boiling o¢curs for the 
Gases when the rod heights are 6,70 and 9.28inches since 
the maximum wall temperature exceeds the fluid saturation 
temperature. Using Eq. 4.4 and the values On (C71) enon es 
from Figure 4.1, the wall temperature at which incipient 


Merlins occurs, Tae? 1S calculated and. the results Tistedan 


Hable 4,6, 


T's bp ler eeo 
SUMMARY OF MAXIMUM CLAD WALL TEMPERATURES, MAXIMUM 
HEAT HEU ES. AND INCIPREINT BOLLING TEMPERATURES 


FOR VARIOUS ROD UEIGHTS* 


Rod height (Trai) oy (Ona : TWIB 
(inches from bottom) | OF (BTU/hr ft") (-F) 
6.70 | O13 4.37 x 10° 250.6 
9,28 2074 3.89 x 10° alo, 3 
11.70 214.3 3,42 x 10° 248.0 


% 
Reactor power of 6 megawatts, primary coolant flow rate 
of 1800 GPM, inlet temperature of 116°F, and hot channel 


Peeuvors included, 


From Table 4.6 it is seen that the maximum wall tempera- 
ture is always less than the incipient boiling temperature. 


memaecvermine the maximum allowable inlet temperature such 
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Figure 4.2 
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that the maximum clad wall temperature and incipient boiling 
memperature are equal, calculations were also made for i 1n- 
ier Cemperatures of 125°F and 135°F for the case when the 
shim blade height is 6.70 inches, reactor power is 6 mega- 
watts, primary coolant flow rate is 1800 GPM, and hot 
channel factors are included. By plotting (T,4)) and 

max 
Ture against inlet temperature, as shown in Figure 4,3, it 
ean be concluded that the maximum allowable bulk inlet 
temperature, which satisfies the no-boiling requirement, is 
Mee (57.2°C). 


The relation between the total power, Pins 


and the total 


coolant flow rate, Wins is 


Pr = CW (Tutt an) (4.7) 


For a limiting flow rate of 1800 GPM, a reactor power of 
6 megawatts (of which 95% is removed by the primary coolant), 
and an inlet temperature of 135°R, Bd. (4.7) yields the 
limiting reactor bulk coolant outlet temperature of 155°F 
(68.4°C) under the assumption that the heat capacity, Cy 
is constant over the temperature ranges considered. (A 
value of 1.0005 BIU/1b°F was used as a conservative value 
of Cy) | 

A low flow limitation of 1800 GPM of primary coolant 


would appear to be reasonable. Although the coolant pumps 
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are able to produce a flow rate of the order of 2400 GPM, 
BHe See ae bos have been based on @ minimum flow limit of 
1800, Normal operation should easily exceed 2000 GPM, 


however. 
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Chapter 5 
SECONDARY COOLANT SYSTEM 

Introduction 

An evaluation of the performance of thc secondary 
Poolant system at five megawatts of reactor power is 
Mescribed in this chapter. On the basis of this evaluation, 
mecommendations are given as to the installation of any new 
Pomponents needed. 
mee Heactor Heat Load 

two parallel heat removal systems are used to carry 


mieemune reactor heat load removed by the primary H,O system. 


a 
ioecnls Situation, each of the present heat exchangers must 
mmco Operated aS to remove approximately 2.5 megawatts. To 
Meeempine the reguired flow rate of the secondary coolant for 
imeemiretawavt operation, it is necessary to investigate the 
Zomtetoncy OL tne heat exchangers at their present operating 
mevyel. 


Mec Wocy important characteristic of the heat exchangers 


is its overall resistance to heat flow, 1/UA, 


1 1 1 1 In(r,/r,) 


io pa ste 9 qo A °  eAKiIN  ° (Bist) 


a eae sc sc 


where 1/h,A, is the convective resistance on the inside of 


fae heat exchanger TUDES , ae is tme cOnveerive resistance 
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Bee the outside of vhe cubes), 17 LS Che meesrctance of 
the scale on the outside of the tubes, and 1n(r,/r,)/e2vKLN 
maeche conduction resistance of the walls cine tubes- 


ine “ecneral near Cranster peer ones 


Q = UAAT  y | (Ge 2) 
where 
i 2g 
A 2 P 
AT yy = PRT SC (5.3) 
ieee 
ioe eee ne a 
eek 
5 — LCiipeieorure ol tne COe@lany dit Syeccn awa 


OC Vem nes C «., 
me ees e Tne Primary savor en. 


2 Aigieeeomunnes SSCOMOaiege sy SUC, 


Cp 
t 


= |] implies the heat exchanger inlet 
i oe iecomene Meat Cxchanger Curley. sand 


af = T - T 


1 11 etc. 


eee 


The relations 


Q = CW AT, (5.4) 


mec Used to determine the flow rate, Wy > necessary vO ureinoy Cc 
the heat load @ with a temperature difference, AT, 5 across 
memo lge Of the héat exchanger. 

Pons lS leMG) Vi vere mm nL G lie mal remo1meiiis 5 Gud.) Une 


pecondary HO Lf coVweravCe was COMmpULea LO cCondiulons wile 
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mould exist on the hottest day. The outlet temperature of 
mnie cooling towers was taken to be 02.75 °H (sce Chapter 6) 
with a reactor power of 5 Mw and outlet temperature of lice 
Maen at the normal total primary flow rate of 2000 GPM, the 
AT across the core becomes 1S eer ag Tne PeACtOr silver 
Memmoecrature is ieonO 2 To compute the heat exchanger per- 
meremance, it must be remembered that both heat loads and flow 
maves are taken to be half their total values as only one of 
the two paralled and identical systems is being considered. 

Mmareq. (5.1); h, can casily be calculated by a well- 


@eerelaved expression and the conduction term is well known. 


The principal unknowns are Ny and Dae oe Ne Comenn. to 
McAdams (20), | 
h, = £(0.023Re9 Spr? 33) ; > (58) 
i 
and ae can be approximated by 
= ¢ (xe Opp0-33) (5.6) 


Devoto (21) performed heat exchanger experiments to determine 


mae values of h A and the product C x K in Eq. (5.6), the 


sc sc 
results of which are given in Table 5.1. The values of 
a CCCs moe vcmmined py DevoLOvare essentilal ly 


constant over the ranges of temperature (50 to 200°F) and 


flow rate (500 to 1200 GPM per heat exchanger) considered. 
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fable 5.1 also lists the other parameters necessary for the 
meat exchanger calculations. 

A sample calculation is presented below based on the 
Parameters given in Table 5.1. The value of the secondary 
H,,0 ieeow Cave was GGrived by an iverative <olwpuon. tose 
eeerall heat balance vased On an anlet vemperacures te tac 
Meav exchanger consistent with the cooling tower outlet 
temperature on the hottest day and an approximate value of 
ieemaverage secondary bulk coolant temperature. 

pee Conductive Resistance 


iit the parameters taken from Table 5.1, 


In(r,/ry) _ 1n(0.0156/0.0115) _ 4 447 x 107? hr 
ETKLN  e7(9. ey) (635) a. ia py 


5.1.2 Inside Convective Resistance 
Using Eq. (5.5) and the values of the parameters listed 


maetaole 5.1, the value of Ay was computed on the basis of 








one tube: 
W.D 
ia 
Re = ; 
Au 
PE CLOOO ce EC ibyNOO) 9 ey Lb 
ae 7 5 tubes = 294.6 hr tube ’ 


(554.2)(0.023) _ 4 
Re = (0.000395) (1.072 = OO WMOS ox LOLs 
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Tape 5.1 


PARAMETERS FOR HEAT EXCHANGER CALCULATIONS 


Tube length L aes cet 
fisiae tube radius re OR OUR se lor 
Outside tube radius i 0.0156 ft 
Tube wall thickness mA 0. COuOCN EG 
fetch Pe ONG Ver aie 
Outside wall area of tubes A, 1230.50 rt® 
Inside wall area of tubes A. 909.88 rte 
Cross section of one tube A, 0.000395 rté 
Average primary bulk temperature 147 .5°R 
feerace scconuary bulk temperature 102°F 
(approximate) 
K (stainless steel) 9.4 BTUMr £t°r 
Wy peeeoOO GP per heat exchanger 
a. 690 GPM per heat exchanger 
HO jeeoperties: 
Pr (102°F) 4 Ne 
Pr (147.5°F) 2.80 
me 102 F) | NG a yaenliy nice 
uw (147.5°R) 1.072 lb/hr ft 
w (102°F) | 8.2723 lb/gal 
w (147.5°R) 8.1745 1b /eal 
i Aa) 13.677 x 107! hr°F/BtTU 


Cx K 0.33 BTU/nr rt@or 
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2e0-® oO 2 ee 
ppo 33 405, ana 
K jn OLCuwOmes 
Ns = a anes Ke ie ) — 
(OBSES0)) 05023) ee eyaea) oS) 
(0.023) 
i = 2062.71 BRU/nr £t@°r 


M@eeuly this value of My Une: Ve lueret (eS) ie was calculated, 


mma found to be: 


II 


(a ate ( (2062.71) (909.88) }7* = [1.877 x isp) , or 


5.328 x 10°! pr°reru. 


-i 
(h,A,) ~ 


mene) CULSiLoe Convective Resistance 

me Order to calculate the value of ie the equivalent 
Seamevcr of the tubes must be known to calculate the Reynolds 
Number. The expression for the equivalent diameter, Da (229) 


a8: 
2 2 2 2 
_ 4(Prp Supe | 2 (Pin ae) 


e TA, 7 TL) ° (5.7) 


D 


Using the values of the parameters listed in Table 5.1, and 
Eqs. (5.6) and (5.7), the value of ho was calculated as 


FOLLOWS: 


_) | | 
p = 2(17.361 - 1.645) ORE Coe oaceeee 


- 4,901 x 107 
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Ww = (690)(8.2723)(60) _ 96. 
O 885 
C 


ae 13° 86.98) (0.039 
C ce SOOsOR (LO 


reO© = hon .o8 , 
p,0+33 


08 Me 
he tobe” 


72 = 2.4022 x 10! : 


iw 


ea ois oe yate: 


COR 


I 


h, = (0.33)(1.633) (424.98) = 229.02 BTU/hr ft 


moe Coils value of Ao? the value of (ue Was Cadculaved. 
Maer Ound to be: 


mou 


al zal 


Il 


(n A0) [ (229.02) (1230.5)}7+ = [2.818 x 10°] 


y+ = 35.486 x 107! hr°F /BIU. 


I! 


(AA, 
Combining all of the resistance terms, the valve of 


(ua) tse 


(ua)~+ = (4.117 X 13.677 + 5.328 + 35.486) x fom a= 
58.608 x 10°! nr°F/BTU. 
iby combining the primary and secondary coolant heat load 


equations, i.e., Eq. (5) OA Was found to be: 


W 
ea _ 1000 7 Pere. 
a> = a = “969 (15-1) = Ie gers 


Poors the densities and heat CoWeCi Commun Ome OG cri etd 


each system are equal. Using Eq. (5.3) and solving for Tavs 


and ATM NS NHCISIG! © 
— | — : == O 
Too = T 54 I AT, = 92.75 + 16.97 Leo i 
and | 
ie = Bipot le. oi ae Jv er ie 


EM ~ 4), (255 = 109. wes 
422) LAS) aa 








ome 
Pombining the heat load and AD computed above into Iiq. 
y~4 


5.2), the calculated value of (UA 1 found “por be 


(uA)"* = at,,/Q = 58.81 x 10°" nr°F/BTU 


which is in good agreement with the value of (ua)? found 
bye adding the individual resistance terms. 

ia summarygeit may be comeluded that a minimum, “vovall 
secondary coolant flow rate of 1380 GPM is sufficient to 
remove the 5 Mw reactor heat load on the "hottest day”. 


Boe D,0 Reflector Heat Load 


a 
ia section 4.3 fe Was Shown tnar the rei lecvore ang 
shield absorbed 6.63% of the energy released in the reactor. 

Mor a conservative basis in determining the operational 
Hintcs of the core and primary coolant system, a fraction 
of the heat generated in the reflectors and shield was 
Peewieo to be conducted into the core tank where it was re- 
moved by the primary coolant system. 

| if none of the heat generated in the reflectors and 
aoe 1S COnducted into the core tank, then approximately 
ie eepercent of the energy released in the reactor must be 


carried away by the D,O reflector heat removal system. 


2: 
This is a conservative estimate since the heat dissipated in 
the shield is expected to be approximately 1.63% of the 


reactor power (see Section 5.3 below). 
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The D,,0 reflector heat removal syeven tegeua ear, 
Being designed upon Che 250 kilowave NeaG load ecu i-enent. 


Specifications for the D,O reflector heat exchanger call 


& 
for the transfer of 850,000 BTU/hr with a primary outlet 
memperature of 100°F, a secondary inlet temperature of 80°F, 
and with primary and secondary flow rates of 180 GPM in 

meen system. These specifications are conservative, end are 
Merrc1ent to remove the D0 rerlecror heat Mead: 

peo chield Heat Load 

mie Shield coolant system removes vhe heat deposited in 
Meem ead thermal shield which surrounds the graphite reflec- 
memeena the thermal column. it is assumed that the primary 
BemeetDutL1On to healing in the thermal shield comes from the 
energy deposited by gamma radiation and neutron interaction 
iemene boral, with only a very small amount of heat introduced 
iemeonauction from the graphite reflector. 

Proinices sceel coils embedded in the vertical cylindra-— 
femecnleld, the bottom shield, the lower annular ring shield, 
Peomence Shield surrounding the thermal column are used for 
Meaeeremoval. Kach individual cooling coll is equipped with 
fmpeeto CONLrOL valve at the inlet to allow for individual 
Hilow regulation. The total coolant flow rate through the 
heat removal coils is 108 GPM. The coolant passes through 


wmeweic!| Side of the shield coolant heat exchanger where the 


heat is transferred to the secondary HO coolant system; the 








13 


secondary H,O coolant flow rate through the tube side of the 


2 
ee 1d. coolant heat exchanger is approximately 60 GPM. 

The fiow raves stated above are "suiiie mew ecomirc tern 
the heat deposited (120 kilowatts or 2.4% of the total reac- 
tor power) in the shield maken the MITK-I core, and to avoid 
eeeeos tive shield temperatures which would cause cracking of 
Mimesconcrete. The heat load expected for the MITR-1If core 
is less than that for the MITR-I core (23), hence the existing 


meee co COOlant system is sufficient to remove the shield heat 


woad. 
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Chapter 6 
COOLING TOWERS 
Introduction 
The thermal equilibrium temperature of the entire 
meactor is dependent on the temperature of the IT,,0 secondary 
Peetent leaving the cooling towers. An evaluation of the 
Peer rormance of this equipment is therefore vital to this 
Study of process system requirements. 
6.1 Complicating Factors 
my analysis of the cooling, towers is complicated by 
toe tOllowing factors: 
1) The total flow through the cooling towers is 
inaccurately known. The H,,0 secondary coolant 
GPemevess meal irom the {ol lowine aecnas 
a) the HO primary coolant heat exchangers 
- and@ts, 
b) the H,0 primary coolant cleanup heat ex- 
changer @, 
c) the shield coolant heat exchanger 3, 
dad) the experimental coolant heat exchanger 4, 
e} the D,0 reflector heat exchanger D-1, 
f) the D0 red lectomee leanuip, Neatweemama ei 
D-2, and 
ge) three air conditioning units which vary in 


size from three to twenty tons. 
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There are tour flow melers Whech ion Geer ieee) 
through cach of the systems listed above with the 
exception of the air conditioning mite wee te ver, 
only one flow meter is used to monitor the common 
flow through heat exchanecrs 2, 3, 44, D=lsand p--- 
One fijow meter, connected to the 10 incl imaiivent 
line leading to the cooling towers is not used. 
The remaining two flow meters monitor the flow 
through each of the H,0 primary coolant heat ex- 
changers. The only method of estimating the 
total H0 Plow 1S to close off ell sveleneeecxeept 
the main heat exchangers and then measure the flow 
theouem whese units. Tnis methods noc exec. 
Since the pressure drops throvghout the various 
systems are not matched to the pressure drop 
eroOcemicabecxchnancers. ll) and al. 

2) Hheaumoe-~eranzer moO. 1 will be replaced by 2a meyer. 
heat exchanger of larger capacity. 

3) The temperature of the water entering the cooling 
towers is not accurately known. Since the 
secondary coolant system has so many branches 
ond tUmMetroney = vie vyarl1ous outlet temperatures 
should be combined Lt VOLUMe a Venrave S06 ea (eu— 


late the temperature of the water entering the 





wean 





towers. This is not possible, however, as much 
of this information iS not available. 

M) The cooling tower performance is dependent on 
Such quantities as ambient temperature, relevive 
humidity, and wind velocity which are constantly 
Chame ine. 

6.2 Secondary Coolant Requirements 
Design specifications for each of the cooling towers 


call for 1000 GPM of H.O to be cooled from 103° to 80°R 


a 
at a maximum wet-bulb temperature of 72°F and 0 to 10 MPH 
tae lhe flow rate poing to the top of the cooling towers 
is approximately 1600 GPM (800 GPM per tower). 

Devyoto (24) developed an empirical equation, given 
below, which was based upon the conclusion that the water 


ieme@erature leaving the cooling tower is dependent only on 


the wet bulb temperature and reactor power level. 


Ah = db 


Hi = Twer + ©P 


i (6.1) 


ieee;  ‘T' cooline wower outlet tTemperature, OP 


II 


jeile 
dh 


II 


O 
WET wet-bulb temperature, “F 


C = constant = 4.5°F/Mw (per tower) 


I 


Pr =- reactor power, Mw. 
Equation (6.1) was derived for one cvoling tower and the 
Peamary cOolant heat exchanger 1. No specific data has 


Beem taken Since the addition of the second cooling tower 








ii 
and heat exchanger 1A, but after reviewing current reactor 
operating logs and U.S. Weather Bureau (Boston) meteorolo- 
mieal data and chanzing the constant (oO acca neeie! si. 
Seoling towers, Devoto's empirical relation Sti ll@eicras 


poeod correlation of the parameter involved, i.e., 


ip T C'p (6.2) 


H) > twer + T 


where: C! = 2,25°F/Mw (for both towers). 
When heat exchanger 1 is replaced with the newer heat ex- 
ememeer of larger capacity. Eq. (Ga2)) Snouldwbes recheck odr 

On a hypothetical "hottest day", a wet~bulb temperature 
of 78°F corresponding to an air temperature of 78°F at 100 
Mere 0c relative humidity, the cooling towers outlet tempera- 
ture would be approximately 95°F (allowing for an additional 
3,5°R temperature increase due to the air conditioning units) 
with a reactor power level of 6 Mw. Since this is less 
weer tie limiting reactor inlet temperature derived in sec- 
trom 4.5, the secondary system is believed to be adequate 


Eom Operation of the MITR-I1I. 
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Chapter {7 
SUMMARY AND RECOMMENDATIONS 

ok oummary 

Tosdevermine the process system Operat iiagel in Gemen The 
MITR-IL, the nuclear properties of the reactor were examined 
mimjoc in order to study the power production withiay thie core 
meme wnOle and within a singie fuel olerene Thee resui veer 
@empucer code calculations were used to investigate the 
eeecvs Of control rod height on the relative variations in 
ieeradial and axial neutron flux and power density distribu- 
tions. Emphasis of the study ecneC Tee On. the hovves : element 
and, further, the hottest fuel plate. 

An independent series ae ean ereh sales produced a weli-— 


eorrelated value for the coefficient of convective heat tran 


! 


PereOn the surface of the finned fuel element plates. The 
Weimoumawlon Of Chis heatetransfer coefficient has been 
studied and incorporated into the fuel plate temperature cal- 
fume LONS . 

Engineering hot channel factors have been established to 
account for small dimensional deviations from the nominal 
ee wea of the reactor fuel elements resulting from manufac- 
Wier cOlerances, for departures from ideal flow conditions, 
end for uncertainties in power, flow, and heat transfer 


measurements. 








When the power density diseri butions —seeeen ict ac. 
penvective heav transfer, and ensinecring hot whanne) Tacvors 
mere coupled togetherswith the thermal hydraulic preeperviies 
Ore ene coolant and fuel element and the coolant flow rave, 
meme OCation of the hottest fuel plate surfaces tTemperavurce 
was determined. The temperature at this location was 
ieee by the requirement that no bolling of any type occur 
momeoie core. A limitation was then placed on the maximum 
puik coolant temperature under the most adverse operating 
conditions. Once reasonable ranges OP values Of tUhese 
parameters were established, then, limits on the measurable 
Paramevers, i.e., minimum coolant flow rate, maximum bulk 
Mienet Cempcrature, and maximum reactor power, were established 
such that the reactor could be operated with these parameters 
fareicancously approaching their limits. 

Peecnv lon was next “fiven to the secondary coolant system 
that is used to remove the heat generated in the core, DY 
Wembecvor, and shield, by using cooling towers, in order to 
mee vues reactor facility operate efficiently. Two parallel 
Meat removal systems are used to carry away the heat load 
femevyen by the primary HO system. To determine the required 
flow rate of the secondary coolant for five megawatt operation, 
memwas necessary to investigate the efficiency of the main heeét 
exchangers at their present operating level while remaining 


mem@etslent with the Timiting nature of this™study.™ The flow 








SO 
mauc Oy the secondary side of The leaeme.e aiicer enece 
£O maintain the correct reactor Operas ie cig ie a eres 
Tne most severe limitations on heat removal was calculated 
meeer perrormane several iverations COSCevCrmiInG Bice vias 
mero Of the overall. coefficient of heat transfer with 1 low 
rave and a known amount of heat. 

PeumOuUrn mOSt Of thc heat eenerated in the TPryn-ti eae 
memoved by the primary coolant, a small percentage of the 


heat load is carried away by the heavy water (D,0) in the 


fe 
Mgier rei lector and by the distilled HO in the shicld cool- 


2 

anv system. These systems have their own separate heat 
Peemangers. Ihe amount of heat carriéd away by cach of these 
Sysvems was also examined. On the basis of these examinations, 
Pmecwermncndavions are made as to the equipment necessary to 
memove Cach of the heat loads. 

the thermal equilibrium temperature of the entire rcac- 
tor is dependent on the temperature of the secondarv H,,0 
feement leavine the cooling towers. An evaluation of the 
Mem ornance Of this equipment was therefore vital to this 
fmray. tne most aaverse conditions of temperature, relative 
moMaicy, and Peactor pouer Levee cesses Of wummns ss buy, 
“emer nc Maximum temperature of the water supplied to the 
Pecomaary COOling sysvem at five megawatts was determined. 


mecvioOn {.< Of this chapter is a Summary of the princi- 


pPemeeresults and “tneorevical predictions. On this Dasis, 








ou 
conclusions are drawn, and recommendations are made ana out- 
ined in Section {.3. 10 must be emphasi2cd ab the onteec 
miaat this is essentially a limiting study to devermine the 
impel inge safety System settings efethnc Manet iT. - Ene aia 
Mmewiupl ions and calculations, the safest or most conservavive 
ehoice has been selected. The most severe hazards of weather 
Ppemoperating conditions have been envisioned and cmploycd 
throughout. 
fee Kesults 

The principal results of this study are: 

1) From the standpoint of process system operating 
limits, a mMaxtmum reactor powcr devc lect tigeeet 
six megawatts (total) was established so that 
anvOlawle PrOLCCLIVC aGtidon would Weemrecy tne 
MoeaG severe abnormal power evel dev wiv) 
anticipated before a safety limit is exeecded. 

2) The minimum allowable H,0 primary coolant flow 
rate for six megawatts was set at 1800 GPM. It 
was anticipated that the normal flow rate should 
easily exceed .2000 GPM. 

3) The maximum allowable temperature of the fucl 
plate clad at the hottest point (lower end of 
the fuel plate) in the core was found to be 
250.6°F, and the value of the maximum bulk cool- 
any VCmoemalirenay CNC reacrorsouuy lous Was 


established at 155°F. 
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4) It was established that the flow rate in the 
secondary H,,0 coolant system nNeteseer oO nrciiG yc 
the 5S cilw reactor heat 10ad was apprexnine cly 
1380 GPM on the postulated smottes: daw = 
5) A heat exchanger capable of transferring 850,000 


BTU/hr with a primary DO flow rate of 180 GPM 


C 
ae : Or, eee 
ano OUL LEC Gemperavure Of 100 To and Wilting 


secondary H,O flow rate of 180 GPM and inlet 


C 
emo Calica, 80°F would be sufficient to 
reneve. ule D0 rer leccomnecaGeloac. 
ope IG was €&tablished that the existing shield coolanc 
system would maintain Sac lLelacory Isilhela Vem pcre 
tures So as To prevent Cracking Of “Tier Cconcrcire 
enKGwremeve mune Near Oad Im rhe cielo 
7) The cooling towers were shown to be adequate to 
Ce livcr H,0 to-the secondary coolant Sie bcilmaue 
maximum temperature of 92.75°F with the reactor 
power level of 5 Mw on a postulated "hottest day". 
7.3 Recommendations 
Saecne Dasis Or the investigations made for Unis ECnavn 
meas recomnended that: 
1) The process system operating limits as determined 


herein be incorporated as the Limiting Safety 


system Settings of the MITR-I1. 








Ge 
2) Upon the replaccien ot one 110 Dreamy ecoo lane 
Heat txechaneer No. lsancev ee sniele cool mi: 
Heat lxchanger Now 3 anc Wen thewedG1 7 ono. 
vie D0 rerilector lleat sxchancer Nowe eee oe 


MeDGe DG (eeneucleCa VON Acer acel yee cre iie =omc 


Over bl ees Isvaniece CO mine owe VO, Cin ieee 
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Appendix A 
NOMENCLATURE 
mvelsc lag Ciiekwme=s 
ee, fener 1 
mcrae Walk area of heat Cx¢rancer tupes 
Omeswce wall area of heat Cxenangcer tubes 
led back plate area 
@rO5o-secvional area of one heat exchanger tube 
fuel plate meat half-thickness 
constant, 4.5°R /Mw 
constant, 2, 25°R Mw 
constant, 0.33 BlU/nr rt@or 
specific heat 
channel thickness 
O.D. of heat exchanger tube 
equivalent flow diameter 
total energy released per fission 
Weeey releadsca per fission resulting from neutrons 
bere captured in materials of the reactor 
axial power factor 
enunalpy hot channel factor 
Meat Lilux hov channel factor 
meolal power factor 


im vCemperagure difference hov channel factor 








torr 


rH 


ligule 


convective heat transfer cocfficient 


~17 Mw-sec /p, 
f POSES (Chapter 5) 


pe Ee: ; : 
Tassion 


constant, Cases 
Ciera eee C LVI LY. ener ay 

EMerval COnever. 10 VC! ne lod 

CinermNa a COMCUC ivi Uy Of GUC lances: 
Meme Ol SOC. in nest Herve acer 

Beco! number of tubes in heat exchanger 
hessuit number 

power 

piresc Ure 

Weuved perimeter 

leech 

toval Dower 

awicrarce pOwer Gensivy 

Power G@epeilty im fuel meav 

Prandtl number . 

heat load, BTU/hr 

average heat flux, BTU/hr rte 
Meee tlvxeau ineiprent boiling 

Meat Load Oi pomer 

heat flux 

isle radivemot heat exchanger tube 

Pad ius 

mewno las number 

tiekmess Of cowavalieny fiay plate test section 


temperature 


cooling tower outlet temperature 





AT 
Sin 
SAT 
Wall 


WIB 


oo 


<< < 
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LeCMDECravuce mee me ronec 
lop-mean temperature Cl tie te mee 
fluid saturation Vemseracure 


Glad, SUBPEeaCce Vemoecracure 


clad surface temperature (local) at incipient boiling 
everatiecoOcificilent Of heav transi er 

fee Velocity 

volume, general 

volume fraction of material i (Chapter 4) 

volume of awe fuel region (Chapter 3) 

density, lb/gal 

flow rate 

total flow rate 


Po cknies smemmruee in hearclexchancer 


alpha parvicie 

ibeba particle 

meactlviry veluc relavive GO une delayed neutron 
fraction. hacen aver Ol pos cov Mielec CGO pce apokOn 1. 


nave ly 0.0075 Ke COr Sinikee cone uOr wield UGnie wine Bec 


fe 
layed photoneutrons. 

gamma radiation 

if aga effectiveness defined as the ratio the effective 


area of the finned plate surface to the area of the 


back plate Summacesviscosivy 





3 Pee, 
eapsorpvion 


~capture 


o/ 
VESeo a 
effective linear aDSOrDUIOW COG Tees 
linear absorption coeificreny Of maverial Ff 
density 
summation 


Meacroscopile ADSOPPUIOn erocs Sec mrad 


MeacrOSCopMeuCaDlUge CYOss Seel lon 


MaCvVOS COMO SS rOMmNeCCOcpeGecel on 


ee 


MACTOSCOMmC THC lLOn eros SCCU ION. 17 Lie 


; cereal 
FEO LOM amor) energy group 


mMmacroscopue .emoval cross Seccvuion for fast 


neutrons 
NeVineoOn ea 


Laey meueron flux 


f s 2 e eel 
VOUUMemaveleg@ea 1Cuucon fiux in vane 2 fuel 


.th 


repelommciee) Coerey ~Zroup 





Ce 
1 aey 
ee, 
ie. 


14. 
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16. 
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